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Treatment of winery wastewater by sulphate radicals:
HSO 5 -/transition metal/UV-A LEDs
Introduction
The agricultural food industries produce large volumes of wastewater containing high concentrations of organic materials, which are occasionally discharged into municipal wastewater systems [1] [2] [3] . These effluents are mainly originated from various unit operations such as washing, crushing and pressing of food and grapes, as well as, the rinsing of fermentation tanks, barrels and other equipment [4, 5] .
A winery typically produces around 1.3 -1.5 kg of effluent per litre of wine produced.
A high organic load of soluble sugars, organic acids, alcohols, polyphenols, tannins and structural polymers [6, 7] and an acidic pH characterize these effluents. In addition, these effluents present a seasonal variability and unpleasant odours, causing environmental and aesthetic problems in the wine producing countries.
The European Directive 91/271/EEC classifies these effluents as similar to urban wastewater [8] . For this reason, a high number of winery industries use wastewater treatments methods resembling those used in Municipal Wastewater Treatment Plants (MWWTP). However, conventional wastewater treatments do not work satisfactorily due to the seasonal variability and the high organic concentration of winery effluents.
For these reasons, Advanced Oxidation Processes (AOPs) are gaining importance in the treatment of these effluents, due to the capacity of generating free radicals, which can attack and degrade the complex molecules found in winery wastewater.
AOPs can be classified on the basis of the radical species generated as hydroxyl based (HO • ; HR-AOPs) or sulphate based (SO 4
• ; SR-AOPs). The most common HR-AOPs are based on the photolysis of hydrogen peroxide (UV-H 2 O 2 process) or in the combination of a semiconductor photocatalyst (e.g., TiO 2 or iron oxides) with an oxidant (e.g., oxygen or hydrogen peroxide) and UV radiation; this is the case of TiO 2 -photocatalysis 4 and the photo-Fenton reaction. The powerful hydroxyl radical generated are able to oxidize a large variety of organic compounds [9, 10] and inactivate a wide range of microorganisms [11, 12] .
Fenton's reagents oxidation (HR-AOPs) is a homogeneous catalytic oxidation process based on the decomposition of hydrogen peroxide by ferrous ions resulting in the generation of hydroxyl radicals HO • [13] [14] [15] [16] . The production of HO • is greatly increased by UV-vis radiation of wavelength up to 600 nm (photo-Fenton process [18] .
Peroxymonosulphate (HSO 5 -; PMS) is the active ingredient of a triple potassium salt, 2KHSO 5 •KHSO 4 •K 2 SO 4 . This salt has some advantages when compared to hydrogen peroxide. For instance, the oxidation potential of HSO 5 -(°! "! ! ! /!"! ! ! = 1.82 ) is higher than hydrogen peroxide (°! ! ! ! /! ! ! = 1.78 ), although lower than hydroxyl radical (°! " • = 2.80 ). Moreover, PMS is relatively stable at ambient temperature and easy to handle since it is in a powder form. However, PMS presents some disadvantages such as that it reacts slowly with organic species at ambient temperature.
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PMS can be easily activated into highly reactive radicals by two different routes: i) through homolytic cleavage of the peroxide bond of HSO 5 -by photolysis or thermolysis (Eq. 3); ii) via one electron transfer by transition metal (Eq. 4 -6) [19] [20] [21] .
M = Co(II), Fe(II) and Ru(III)
The efficient activation of HSO 5 -through the use of different transition metals such as Fe(II), Co(II) Ni(II), and other metals, has been reported in literature [20, 22] . However, it is not clear which transition metal is the most effective for the activation of HSO 5 -.
For instance, the coupling of HSO 5 -/Fe(II) is one of the most common combination, but it presents some disadvantages similar to the Fenton reaction, such as a slow regeneration of Fe(II) from Fe(III) and the production of a ferric hydroxide sludge [20] .
In contrast, the coupling of HSO 5 -/Co(II) presents some advantages in comparison with Fenton reaction, including the possibility of applying the HSO 5 -/Co(II) process without pH adjustment [23, 24] . 
Materials and Methods
Winery wastewater
Four different winery wastewater effluents were sourced. The pH of these effluents was in the range 3.6 to 4.0 and the COD load ranged from 513 to 5391 mg O 2 /L. Table 1 summarizes the physico-chemical characteristics of the winery effluents. and sodium hydroxide (NaOH; Panreac) were used for pH adjustment. H 2 O 2 (30% w/w, Scharlab) was used to carry out the Fenton and photo-Fenton treatments. All the reagents used were analytical grade. Standard Method 2540D using a HACH DR/2400 portable spectrophotometer [26] .
Analytical determinations
Finally, the concentration of Total Polyphenols (TP), (mg gallic acid/L), was determined by spectrophotometry using the Folin-Ciocalteu reagent (Merck) [29] . UVvis measurements were carried out using a Jasco V-530 UV/VIS spectrophotometer.
UV radiation sources
Three UV radiation sources were used: i) a Heraeus TNN 15/32 low pressure mercury vapour lamp and ii) two UV-A LEDs systems. 
UV-A LEDs radiation (365 and 370 nm)
The photo-assisted PMS/metal reactions were carried out in a lab-scale batch reactor which was illuminated with two different UV-A LED photo-systems [30, 31] . The applied UV radiation in the first photo-system was generated by a matrix of 96 Indium Gallium Nitride (InGaN) LEDs lamps (Roithner RLS-UV370E) which illuminated an area of 11 x 7 cm 2 . These LEDs have a light peak emission at 370 nm, and the nominal consumption of each LED lamp was 80 mW when the applied current was 20 mA. The consequently, the emitted average optical power was modulated between 0 and 100 mW depending on value of the root mean square (RMS) of the electric current intensity waveform supplied to the LED array by the PWM module. The system irradiance was measured using an UV enhanced Si-photodetector (ThorLabs PDA155) in a configuration that replicates the one used in the photoreactor. In this system, the output optical power was controlled using a pulse width modulation (PWM) circuit and the RMS current intensity was measured with a multimeter (UniVolt DT-64).
The second and more powerful photo-system consisted by a matrix of 
Electrical energy determination
The figure-of-merit electric energy per order (E EO ) [32] was used to evaluate the efficiency of the AOP used. This parameter refers to the electric energy in kilowatt hours (kWh) required to reduce the concentration of a pollutant C by one order of magnitude in a unit volume (1000 L) of contaminated water. E EO can be calculated as follows ( Equation 7):
Where P is the rated power (kW) of the system, V is the volume (L) of water treated in time t (h), C i and C f are the initial and final concentrations, and the factor of 1000 converts g to kg. Higher E EO values correspond to lower removal efficiencies.
Experimental procedure
All the experiments were carried out in duplicate and values presented are the average of both results. The observed standard deviation was always less than 5% of the reported value.
PMS treatments (SR-AOPs)
Batch experiments were performed on 500 mL of winery wastewater. The pH of the winery wastewater was initially adjusted using H 2 SO 4 or NaOH and measured by a 209 pH meter from Hanna Instruments. Then, the effluent was heated to the operating temperature, which was in the range from 293 to 323 K. Finally, the assay started when the dosage of PMS (1 -20 mM) and the metal sulphate catalyst (0.1 -8 mM) were added to the effluent at the same time. In the photo-assisted experiments the assay started when the UV radiation system was switched on, also corresponding to the addition of PMS and catalyst. During the course of the reaction samples were withdrawn at periodic interval and analysed.
Fenton and photo-Fenton treatments (HR-AOPs)
Batch experiments were performed on 500 mL of winery wastewater. The second UV-A LED system was used in the photo-Fenton experiments. The pH of the winery wastewater was initially adjusted to 3 or 6.5, using H 2 SO 4 or NaOH. Then, the effluent was heated to the operating temperature, which was in the range from 293 to 323 K, and 
Results and discussion
SR-AOPs
Optimization of operational conditions
The role of different operating parameters such as pH, temperature, PMS concentration, optimal for the removal of pharmaceuticals and dyes [34, 35] . Nevertheless, this study suggests that the PMS can also be used at neutral pH obtaining relatively high COD removals in water and urban wastewater treatment thus avoiding the pre-and postadjustment of pH of the effluents. In the case of the winery wastewater, a slight preadjustment of the pH is required, because of the acidic condition of this kind of effluents.
Some authors reported the need of thermal activation of PMS [21, 36] . Figure 1B shows the COD removal as a function of temperature after 90 minutes of treatment, using the optimal pH (6.5) and 4.0 mM of PMS and 1.6 mM of CoSO 4 ·7H 2 O. The results show no differences between treatments carried out at ambient temperature (293 K) and 313 K, however, the COD removal increased significantly at temperatures above 313 K, doubling COD removal at 333 K. In further experiments, the operating temperature of 323 K was selected since higher temperatures result in an increase in the energy requirement to heat the water.
After pH and temperature optimization, several dosages of PMS were applied in the range from 0 to 20 mM. Figure 1C shows the results after 90 minutes of treatment carried out at pH 6.5 and 323 K. A sharp increase in COD removal was observed up to 13 2.5 mM, followed by a plateau from 2.5 -7.0 mM, with a COD removal around 42%
and to a further increase in the COD removal at higher PMS dosages, such as 10 and 20 mM reporting 50% and 68% of COD removal, respectively. Taking into account economic factors related to the cost of reagents, 2.5 mM was chosen as an optimal PMS dosage.
Finally, the optimization of the concentration of CoSO 4 ·7H 2 O in the range 0 to 5 mM was carried out using the optimal conditions obtained previously. The COD removal after 90 minutes of treatment reached a maxima ( Figure 1D ) at 1 mM of CoSO 4 ·7H 2 O.
Thus the optimal ratio PMS:Co(II) was 2. Under these conditions, a COD removal of 57.5% was achieved after 300 minutes of treatment. This COD removal is significantly lower than the removals reported in this paper, using a lower dosage of PMS and during approximately half of the time.
PMS/M n+ /UV radiation
In order to increase the rate of organic matter removal, different UV radiation sources, including low pressure UV mercury lamp and UV-A LEDs lamps, were applied in combination with the optimal experimental conditions obtained in section 3. (55%) after a reaction time of 120 minutes, suggesting that the reaction is initially photon limited. As expected, the experiments performed without UV radiation reached a plateau at much lower COD removals (24%) due to the lack of sulphate radicals, after that Co(II) was totally consumed. A similar saturation kinetics was observed in the photo-assisted treatments, but the plateau is approached at much higher COD removals and much longer reaction times. or no photochemical decomposition of PMS was observed. However, the treatment of winery wastewater by the combination of PMS/M n+ /UV radiation, did not show significant differences when the radiation wavelength was varied, and significant COD removal was achieved with UV-A LED radiation.
The treatment of winery wastewater by the PMS/M n+ /UV process was performed at different COD concentrations (500, 900, 1900 and 5000 mg O 2 /L) to investigate the treatment efficiency in more concentrated effluents which are more difficult to treat. Table 3 shows the COD reduction after the application of the most effective operating conditions (2.5 mM PMS; 1 mM CoSO 4 ·7H 2 O; pH = 6.5; T = 323 K; UV-A LEDs 70 W/m 2 ).
Table 3
From experiments were carried out using the effluent with the highest COD load, because such treatment process was able to remove a higher amount of organic matter with the same operating conditions. However, a pre-treatment step can be applied to reduce the COD load and consumption of reagents and energy during the photocatalytic PMS/M n+ /UV process.
Application of most effective operational conditions
Different treatments were carried out in order to assess the influence of Co(II) and Fe(II) in combination with PMS, as well as, the influence of temperature when this was above ambient temperature, and the influence of an increase of PMS and transition metal concentration, keeping the molar ratio of PMS:M n+ constant. Figure 4A shows the results of COD and TOC reduction in treatments carried out at 323 K, while Figure 4B shows the results obtained at ambient temperature. As it can be observed in Figure 4A , the experiments performed with Co(II) achieved slightly higher COD removal rate than 
Figure 4
On the other hand, the behaviour was opposite when the treatment was carried out at ambient temperature. Figure 4B shows that the COD and TOC removals were considerably lower at ambient temperature than at 323 K. However, the most important difference lies in that the higher COD removals were obtained through the combination 
Table 4
Finally, the effect of the dosing procedure of the reagents was investigated using one dose or multiple dosing steps of PMS and CoSO 4 ·7H 2 O. A higher dosage of PMS and CoSO 4 ·7H 2 O (20 and 8 mM) using the same molar ratio (2.5:1) was selected and the solution was irradiated with UV-A LED radiation (70 W/m 2 ) at pH 6.5 and 323 K. In the first set of experiments, the total amounts of PMS and Co(II) were added as a single dose at the beginning of the assay. Whilst, in the other set of the experiments, these reagents were added in six different dosing stages, every 30 minutes, so that in the last addition the total concentrations of PMS and Co(II) added to the solution were 20 and 8 mM, respectively. The results presented in Figure 5 show no significant differences during the first 15 minutes of treatment, however thereafter, the COD removal increased when the reagents were added in stages. The final COD values after 180 min of treatment were 86% using multiple dosing and 70% using a single dose. In the absence of UV-A LED radiation a similar behaviour was observed, but at a reduced rate. In this case, the addition of reagents as a single dose, removed COD faster during the first 60 minutes of treatment, due to the faster generation of radical species at higher concentration of reagents.
Figure 5
The above behaviour can be understood by considering the scavenging reaction of hydroxyl (reactions 8-11; [49] ) and sulphate radicals (reaction 12; [50] 
This results in a fast oxidation of the organic matter, however, in parallel the scavenging reactions also proceed at fast rate and the final COD removal does not reach its maximum value. In contrast, the addition of reagents in multiple doses keeps their concentration low in the reactor suppressing the rate of the scavenging reactions, and as a result a more gradual supply of radical species results in a significantly higher final COD removal (82%). This value approaches the same COD removal obtained at higher temperature (323 K) with a single dose of reagents, suggesting that it could be possible to reduce the operating costs, performing the treatment at ambient temperature and with a staged addition of reagents. The influence of number of dosing steps has also been reported by other authors both for the Fenton and the PMS/Co(II) oxidation. Deng and
Englehard studied the behaviour in the treatment of landfill leachate by Fenton process, and considered that a single-step addition of the reagents may cause self-decomposition of oxidants due to high concentrations at the point of injection [51] . Sun et al. also tested various numbers of stepwise additions in the treatment of landfill leachate using
21
Fenton and PMS/Co(II) oxidation processes [33] and reported that three and seven doses resulted in a faster treatment of the leachate.
HR-AOPs. Photo-Fenton treatments
The efficiency of SR-AOPs in the treatment of winery wastewater was benchmarked against the photo-Fenton reaction process, which was applied using the same operational conditions in terms of pH, temperature, Fe(II) concentration and oxidant concentration, in this case H 2 O 2 . Figure 6 shows the COD and TOC removal at pH 6.5 at 323 K ( Figure 6A ) and at ambient temperature ( Figure 6B ) comparing the treatment of winery wastewater with the SR-AOP and photo-Fenton processes.
Figure 6
The photo-Fenton assays carried out at pH 6.5 using 2.5/1 mM H 2 O 2 /Fe(II) ( Figure 6A) achieved the highest COD removal (85%) and faster removal rate. The COD removal with photo-Fenton was slightly higher than that obtained with the same concentrations of PMS/Fe(II)/UV (79%), despite the photo-Fenton treatment was performed at neutral pH, which differs from the optimum conditions at acidic pH. In addition, at the higher reagents dose, at the same molar ratio, the COD removals decreased to 72 and 63% with the photo-Fenton reaction and PMS/Fe(II)/UV-A LED process. Although the rate of production of radical species may be considered the same at higher and lower dosages, since the molar ratio of the reagents remained unchanged, the scavenging effect of H 2 O 2 on the hydroxyl radicals generated, may contribute to the decrease in COD removal. A similar behaviour has been observed with sulphate radicals when PMS was in excess in 22 the reaction system [33] . Besides, an excess of Fe(II) would also contribute to the scavenging of SO 4
•− radicals [21, 50] , as can be observed in the equation 13 [52] :
In terms of TOC removal, the highest mineralization of organic matter was obtained through the treatment 20:8 mM H 2 O 2 :Fe(II) in photo-Fenton treatments with a value of 74%, while at the same conditions the treatment PMS/Fe(II)/UV-A LED achieved 56%.
On the other hand, the yields were similar in both treatments when the used concentrations were 2.5:1 mM oxidant:Fe(II), reaching 66% with PMS and 65% with PMS/M n+ /UV-A LED treatments could be a meaningful alternative for the treatment of winery wastewater, as a stand-alone process or as a pre-or post-treatment process in combination with a biological system. In the latter case a biodegradation study should be recommended.
Conclusions
This study has focused on the degradation of the organic matter from a winery Photo-Fenton treatments at pH 6.5 achieved higher COD removal than PMS/M n+ /UV treatments at 323 K due to the high influence of heating and UV-A radiation absorption.
Nevertheless, the behaviour was the opposite at ambient temperature both at pH 6.5 and pH 3.
The combined treatment PMS/M n+ /UV-A LED presents some advantages over the photo-Fenton treatment, such as the application at neutral pH avoiding the pre-and post-adjustment of pH and no generation of ferric hydroxide sludge. 
